A unique method for approximating aerobic fitness from demographic and heart rate variables using an artificial neural network (ANN) approximation is proposed. Conventional oxygen uptake measurement methods are expensive and require special clinical instruments.
INTRODUCTION
The importance of good aerobic fitness is nowadays widely accepted. There is hence a need for an accurate anti easy-to-use measurement system for approximating one's aerobic fitness. There are special clinics where accurate clinical methods can be used to measure the maximal oxygen uptake, but the measurements are expensive and the tests are also time-consuming. The need for an inexpensive, reasonably accurate measurement system for aerobic fitness is therefore obvious. The purpose: of this study was to create a method for measuring aerobic; fitness from a relatively short time series of data (R-IR intervals) without an extensive physiological test.
Approximation systems for aerobic fitness using HR data are scarce and difficult to develop, because the way in which the heart mirrors aerobic fitness is non-linear. Features extracted from R-R interval recordings have low correlations to the maximal oxygen uptake. A typical correlation for a good feature is 0.40. With a linear combination of features, a correlation of 0.75 can be reached. One solution to this problem is the use of artificial neural networks (ANN). Neural networks can be used as a robust method for creating non-linear mathematical model!; for universal approximation [3].
Kenney examined the relationship between the resting heart rate and aerobic power. He presented a theoretical relationship between the variation in the heart period and the maximal oxygen uptake capacity. The correlation between the theoretical model and the measured oxygen uptake was presented to be 0.92 [ 5 ] . However, his material was limited and the method was based on a precise rhythm of respiration. The utility of the method is questionable, because rhythmic respiration is needed. His results are therefore not comparable with the results of this study.
Other studies have also focused on heart rate variability (HRV). Becque examined the reliability and intrasubject variability of steady-state ventilation, oxygen uptake, HR, and blood pressure during submaximal bicycle: ergometry [ 11. De Meersman examined heart rate variability and aerobic fitness [2] . Becque and De Meersman did not present any theoretical relationship between ihe heart rate statistics and the oxygen uptake. A majority of the HRV studies have aimed at finding signs of cardiac disease from R-R interval recordings [9, lo] .
There is a problem in modeling statistical phenomena of this kind. Features created from some statistical phenomena have low reliability alone. To overcome this problem, a preclassifier ANN was created. This paper presents a solution to the problem by creating two independent ANN structures connected in a serial fashion. The! first structure has an input of physical and fuzzy features and it provides a typical value of oxygen uptake for the: test person to fine-tune with the latter ANN structure.
In this paper, the second chapter describes the material used in this research and the way it was obtained. The; third chapter explains the concept for the method created in this research. Finally, the results are presented. 0-7803-3210-5/96 $4.0001996 IEEE
NATURE OF MEASURING AEROBIC FITNESS

Methods
The traditional methods for measuring aerobic fitness are based on exercise tests with incremental protocols. The most accurate test to determine maximal oxygen uptake (VO,,,J is the incremental bicycle ergometer exercise test or, in treadmill exercise, a tolerance test using an incremental protocol with an accurate ergospirometer. The reliability of the method has been reported to be about 0.95. The mean intra-subject variation in day-to-day measurements is 4.1% [I] .
Another way to measure human aerobic fitness is the bicycle exercise test with incremental load protocol without breath gas measurement. The heart rate is measured during the test and the VO,,, value is defined from the HR curve. This method has lower reliability and higher intra-subject variation in day-to-day measurements.
Material
The material for this study was obtained from the Merikoski Institute of Health Research and Rehabilitation, Oulu, Finland. The material includes 305 R-R interval measurements and accurate oxygen uptake measurements (with an ergospirometer) of subjects who participated in the study. The subjects were adult men and women aged 15-65 years. All the subjects were healthy and none of them had any medication.
The R-R intervals were recorded with a wireless heart rate monitoring system (Polar Electro Oy, Finland) and saved in a computer for a further HRV analysis by Heart Signal CO software (Kempele, Finland). The R-R interval series were passed through a filter that eliminated undesirable premature beats and noise. An R-R interval was interpreted as a premature beat if it deviated from the previous qualified interval value by more than 30%. All the R-R intervals were edited automatically and thereafter manually with visual inspection.
PRINCIPLE OF AN AEROBIC FITNESS MEASUREMENT METHOD
Basic principle
The ANNs used in the measurement system were trained and tested with the measured R-R interval material. The R-R interval data files were loaded to the MATLAB, the physiological features were entered, feature extraction was done and, finally, ANN simulation was done in the MATLAB program. Figure 1 presents an overall view of the measurement system. 
Features
Neural networks are widely used in signal processing. The basic approach is to separate vectors from a signal. The vectors are then used as input vectors for the ANNs. This approach did not work with this application. There are no clear patterns in a raw R-R interval signal. Hence, statistical features were used. During the course of the study over, 50 different statistical and logical features were created and calculated. The logical features characterize the effects of respiration and the attributes of a histogram approach.
Certain relationships were identified in the material. For example, older people had a better correlation between age and oxygen uptake. Such relations led to the accommodation of fuzzy logic.
The fuzzy feature values were calculated simply from the group membership function. The membership functions used were simple ramp functions with values ranging within 0 -100%. The principle of the abovementioned fuzzy age feature is illustrated in Figure 2 . 
Neural network structure
The basic structure of the network used is presented in Figure 3 . It was essential to create an ANN structure with an optimal generalization feature. There are a few ways to systematically tune the size of the network. Network pruning and growing are commonly used methods In this study, however, a method of controlled trial and error was used to optimize the network size to make up a network structure. The basic idea of this size optimizing method was to generate randomly different amounts of neurons in the hidden layer with different initial weights. The amount of neurons was limited and the number of weight update rounds was limited to a certain scale. This method required a great number of calculations for training periods in the SPARC stations. Each time a network was constructed and trained, the network was tested with the training material and with independent testing material. The indicator used for comparing the results was the correlation to the maximal oxygen uptake. The best results were always scored in the log file. An importaint scoring criterion was that the ANN created gave for both the training and the testing materials similar correlations to the quantity measured. Finally, the network structure represented in Figure 3 was selected. 
Network training
Several training algorithms were used. The basic back-propagation algorithm was tested, but it was far too slow for this purpose. Back-propagation with an adaptive learning factor and momentum gave better time responses and the training results were near optimal. However, the Levenberg-Marguardt (LM) optimizing algorithm turned out to be the best for this purpose. The LM method was superior to the other training algorithms, since the LM procedure produced the most optimal results for ANN simulation. Despite this, the training results showed some variation. The problem of the LM algorithm was overlearning, because the ANN memorizes the training material, but has a poor generalization capacity. This problem was solved by careful testing of the results and a systematic search to find the optimal amount of training rounds.
Development tools
Because of the statistical nature of the study, powerful calculation methods were needed. The MATLAB program was used for ANN development and Microsoft Excel for feature extraction. The R-R interval measurements and feature calculations were done on a personal computer with a Pentium 90 MHz processor and 32 Mbits of RAM memory. Neural network training and simulation were done on SPARC 20 workstations.
Microsoft Excel is a spreadsheet application for Microsoft Windows [7] . The feature extraction, calculation and correlation calculation were done with Excel. The data files for training and the testing neural networks were also created in Excel.
MATLAB is a technical computing environment for high-performance numerical computation and visualization. MATLAB integrates numerical analysis, matrix computation, signal processing, and graphics in the same environment [6, 8] . MATLAB Unix version 4.2 was used in this study.
RESULTS
The results are based on simulations of the ANN structure created. The correlation of the simulation values compared to the accurate measurements was 0.97 for the training material and 0.96 for the testing material.
The mean error in calculation was 6.5 YO. This is comparable to clinical measurements with 4.1% intra-subject variation. A graphical presentation of the results is shown in Figure 4 . The figure presents the relationship of maximal oxygen uptake measured and simulated with ANN. The leave ten out test was done. The purpose was to ensure that the selection of test material did not have any radical effect on the estimated accuracy of the method. The test was done with 110 R-R interval measurements. Each time, a test material of ten samples was selected from different locations. After the test material selection, the ANN was trained to perform optimally. The mean correlation of this test to the test material was 0.93 and the correlation to the training material was 0.98 (Fig. 5) .
The stability of the inethod was tested with R-R measurements made from the same subject during a three month period. The meal variation between the estimated results was 2 percent during the test period. Some OF the measurements were disqualified because of a large number of artifacts due to poor skin contact of the probe. The effect of feature variation was also assessed. The purpose was to study the sensitivity of the method to the errors in the feature values. Figure 6 shows the error curves of the features that were used. Each curve is plotted with the presumption that only the plotted feature is changed. The curve show the mean error in the estimation results after a feature value has been changed by, for example 5 percent. The most sensitive feature LA has a linear effect on the estimation results. The feature is, however, quite stable. 
CONCLUSIONS
Using the neural network developed here, it is possible to define the maximal oxygen uptake from a short R-R interval measurement without a testing protocol with high correlation (0.96) and with high accuracy (mean error 6.5%). This is a new and easy way to determine and control personal aerobic fitness even at home.
Although the results are promising, it must be borne in mind that the heart is only one part of the human biological system. The heart mirrors secondary information on quantities that can be measured. The phenomena of R-R interval variation and resting heart rate are statistical. To ensure the accuracy of the measurement system, the measurement environment, the health of the subject and the medication must be considered.
To improve the accuracy of this method, the idea of preclassifier was experimentally applied. The purpose of the preclassifier was to present an average oxygen uptake value of the type of subject to the primary approximation ANN structure. The primary ANN structure tuned the average oxygen uptake value upward or downward, depending of the R-R interval information on the subject's condition.
These preliminary results prove the ANN'S superiority compared to the traditional methods of modelling statistical and non-linear phenomena. With an ANN, it is possible to create an instrument for aerobic fitness measurement. The instrument could be useful in, for example, occupational health care for screening potential cardiac disease risk types. However, further development should be done on systematic feature comparison and an estimation method for the goodness of value calculated with ANN.
